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BioinformaticsEndopeptidase classiﬁcation based on catalytic mechanism and evolutionary history has proven to be invaluable
to the study of proteolytic enzymes. Such general mechanistic- and evolutionary- based groupings have
launched experimental investigations, because knowledge gained for one family member tends to apply to
the other closely related enzymes. The serine endopeptidases represent one of the most abundant and diverse
groups, with their apparently successful proteolytic mechanism having arisen independently many times
throughout evolution, giving rise to the well-studied soluble chemotrypsins and subtilisins, among many
others. A large and diverse family of polytopic transmembrane proteins known as rhomboids has also evolved
the serine protease mechanism.While the spatial structure, mechanism, and biochemical function of this family
as intramembrane proteases has been established, the cellular roles of these enzymes as well as their natural
substrates remain largely undetermined. While the evolutionary history of rhomboid proteases has been debat-
ed, sorting out the relationships among current day representatives should provide a solid basis for narrowing
the knowledge gap between their biochemical and cellular functions. Indeed, some functional characteristics of
rhomboid proteases can be gleaned from their evolutionary relationships. Finally, a speciﬁc case where
phylogenetic proﬁle analysis has identiﬁed proteins that contain a C-terminal processing motif (GlyGly-Cterm)
as co-occurring with a set of bacterial rhomboid proteases provides an example of potential target identiﬁcation
through bioinformatics. This article is part of a Special Issue entitled: Intramembrane Proteases.
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Proteolytic enzymes were initially classiﬁed over ﬁfty years ago into
four types based on their chemical mechanism of catalysis: serine,
aspartic, metallo-, and cysteine [1]. With increasing availability ofembrane Proteases.
+1 214 645 5948.
.V. Grishin).
rights reserved.sequence and structure information in the early 1990's, evolutionary
grouping of peptidases became possible [2] giving rise to the protease
classiﬁcation and nomenclature scheme implemented in the MEROPS
database [3]. The hierarchical classiﬁcation within MEROPS includes
both the mechanistic type indicated by a letter (i.e. S, D, M or C for the
four classical mechanistic types) followed by a letter denoting a clan
of evolutionarily related families, which are numbered. Although
the current database includes several additional mechanistic types
(i.e. Glutamic, Asparagine, Threonine, and mixed), the four classic
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multiple deﬁned clans within each type, peptidases appear to have
arisen multiple independent times converging on similar mechanistic
activities. Thus, the four classical chemical types can successfully
accomplish proteolysis of various different peptide substrates within
numerous and diverse protein architectures.
A new paradigm of proteolysis followed the discovery of regulated
intramembrane proteolysis (RIP) by the transmembranemetalloprotease
S2P [4]. S2P represented the ﬁrst polytopic membrane protein that
could catalyze cleavage of a transmembrane substrate within the lipid
bilayer, releasing a soluble cleavage product into the cytoplasm.
Given the hydrolytic nature of peptide bond cleavage, such an
environment was a surprising addition to the repertoire of successful
proteolyticmechanisms achieved in nature. Nevertheless, identiﬁcation
of additional intramembrane protease activities of the aspartic
type (signal peptide peptidase [5] and presenilin [6]) and the serine
type (rhomboid [7]) closely followed the discovery of S2P-mediated
RIP.
Despite their differing mechanistic types, the intramembrane pro-
teases belonging to the rhomboid (serine), S2P (metallo), and signal
peptide peptidase/presenilin (aspartic) share some common features.
Each of the intramembrane protease families possesses representa-
tives throughout the three kingdoms of life [8–10], potentially
representing ancient enzymes that arose with the creation of the
membrane bilayer. Each family 1) cleaves transmembrane substrates
within the lipid membrane bilayer and 2) retains conserved catalytic
machinery within a core polytopic membrane protein architecture.
This machinery is marked by sequence motifs that extend to the
soluble proteases within the same mechanistic type. The short motifs
could have arisen independently within the transmembrane folds,
representing convergent evolution of proteolytic activity. Alternative-
ly, the intramembrane proteases could have acquired hydrophobic
components surrounding ancestral motifs. Such a scenario seems
less likely, as is would require a fold with considerable plasticity
that could switch easily between transmembrane and soluble
states, with few substitutions. This review will focus on combining
rhomboid protease evolution with its mechanism and structure and
highlighting the resulting implications for bioinformatic analysis of
function.2. Rhomboid classiﬁcation and evolution
Rhomboid proteases are present almost ubiquitously in all forms
of life and are suggested to represent the most widely distributed
membrane proteins in nature [11]. However, deﬁning and classifying
members of the rhomboid protease family has been challenging
due to the existence of numerous paralogous groups that display
relatively low sequence identity, the widespread occurrence of inac-
tive enzymes that lack key active site signatures, and the presence
of additional TMHs and soluble domains that decorate the universally
present 6TMH rhomboid protease catalytic core [10–14]. Accordingly,
the evolutionary history of rhomboid proteases has been difﬁcult
to assess, and their origin has been debated [11,14]. While the
near-universal presence of rhomboid proteases in all three kingdoms
of life suggests that the family existed in the last universal common
ancestor (LUCA), rigorous phylogenetic analysis has challenged this
expectation. Instead, an alternate scenario of rhomboid protease
origination in bacteria and acquisition by archaea and eukaryotes
through multiple ancient horizontal gene transfers (HGT) was
proposed [11]. Subsequent to this work, evolutionary analyses of
rhomboid proteases have concentrated on eukaryotic members [14],
with some independent considerations of gene expansions in
apicomplexan parasites [12] and in plants [15]. While only one
study has focused on bacteria, limiting analysis to mycobacterial
species [13].2.1. Phylogenetic analysis leads to conﬂicting views of evolutionary
history
Phylogenetic analysis of the conserved six-TMH rhomboid prote-
ase core from sequence representatives among the three branches
of life revealed a complex tree topology with two major eukaryotic
subfamilies (RHO and PARL) positioned among different prokaryotic
branches. This unexpected topology lead to an interpretation that
the rhomboid proteases had not been inherited from the last univer-
sal common ancestor (LUCA), as would be expected from such
widespread existence in nature. A proposal that eukaryotes acquired
rhomboid proteases through multiple ancient horizontal gene trans-
fers from bacteria emerged [11]. Alternatively, phylogenetic analysis
using a more complete eukaryotic subset of rhomboid protease
sequences limited to the TMHs containing signature motifs (Loop1,
TMH2, TMH4, and TMH6) produced a slightly different grouping,
where the yeast secretory pathway rhomboid protease (Rbd2)
partitioned with the secretase-type rhomboid proteases (previously
termed RHO) as opposed to the mitochondrial PARL sequences. The
eukaryotic tree included a distinct clade of previously missed inactive
iRhoms and split the RHO secretases into more groups, including one
speculated to represent an ancient rhomboid protease form (denoted
as secretase-B class containing human RHBDL4 and yeast Rbd2) [14],
challenging the multiple-HGT interpretation of rhomboid protease
evolution.
Rhomboid proteases have also expanded in apicomplexan para-
sites and in land plants, and their phylogenetics have been considered
independently by several groups [12,14–16]. Apicomplexan parasites
contain multiple diverse copies of rhomboid proteases, including a
single widely distributed PARL-type protease (ROM6) that localizes
to the mitochondria and has duplicated in Plasmodium (ROM9)
[12,14]. The remaining rhomboid protease members segregate with
ROM4/ROM5 forming a close group that separates from the less
widely distributed ROM7 and ROM1–3. These non-PARL rhomboid
proteases were described as being unique to apicomplexans, possibly
functioning in parasite speciﬁc processes [12]. However, the question
remains as to whether these families are indeed distinct from other
eukaryotic groups, originating independently in parasites, or they
have diverged so much from the eukaryotic RHOs that the family
groupings are not evident. The fact that the universal parasite
ROM4/5 group localizes to the plasma membrane [12] and displays a
6 + 1 TMD topology similar to the other eukaryotic secretory RHOs
suggests the latter. The ROM4 protease from Toxoplasma gondii
(TgROM4) has been experimentally characterized as cleaving several
plasma membrane component adhesins (TgMIC2, TgAMA1, and
possibly TgMIC8) that facilitate host cell invasion [17].
Phylogenetic analysis of plant rhomboid proteases was limited to
those sequences that retained all catalytic residues and were presumed
to be active. The active plant rhomboid proteases grouped into two clas-
ses: the secretory RHOs (AtRBL1–AtRBL7) and a more divergent class
(AtRBL10–AtRBL15) that included mitochondrial PARL (AtRBL12) [15].
Consistent with this grouping, the plant RHO-like AtRBL1 and AtRBL2
that are most similar to Drosophila rhomboid-1 (Rho-1) were localized
to the Golgi [18]. The divergent plant sequences were further
subdivided in another phylogenetic study [14] that distinguished the
PARL-like sequences from the rest. Like the other eukaryotic PARL
rhomboid proteases, plant AtRBL12 localizes to mitochondria [15].
However, AtRBL12 lacks a predicted N-terminal TMH that is present
in all the other eukaryotic PARL-like sequence 1 + 6 TMD topologies
and does not appear to cleave the yeast PARL substrates. Plant
AtRBL10 and AtRBL11 both localized to the chloroplast, although their
physiological substrates remain unknown [15,19].
Most sequenced bacterial genomes contain at least one rhomboid
protease, with many species possessing multiple copies. A study of
rhomboid protease sequences from sequenced mycobacterial genomes
revealed two distinct groups represented by RV0110 and RV1337 from
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Fig. 1. Network-based rhomboid protease clusters. Network-based CLANS [47] clustering
of rhomboids deﬁned by PFAM [46]. Divergent sequences such as derlins were excluded
and bacterial representatives were ﬁltered at 80% identity. The resulting 3345 nodes
represent individual rhomboid sequences. Nodes are connected by lines that stand for
pairwise BLAST E-values (cutoff 1e-7) and are colored according to taxonomy: chordate
(blue), arthropod (cyan), nematode (purple), apicomplexan (magenta), fungi (yellow),
plant (green), archaea (red), cyanobacteria (light green), proteobacteria (pink), alpha-
proteobacteria (slate), and all other bacteria (gray); key rhomboid protease representa-
tives are labeled to the side of their clusters and colored as above. A dashed line separates
twomajor rhomboid protease groupings into PARL-type and RHO-type. Each broad group
includes central clusters that segregate according to taxonomy: bacteria circled in black or
dotted black, archaea circled in red, and eukaryota circled in blue. Sequences that fall
within these centralized groups are listed in the Supplemental table.
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two paralogous groups, but could not distinguish their progenitor
[13]. The RV1337 orthologs displayed a universal presence among
mycobacterial species and retained similar genomic neighborhood
organizations, while the RV0110 orthologs appeared to be less evolu-
tionarily stable and were lost in some species. The RV0110 genome
neighborhoods were not preserved, but retained conservations that
mirrored the mycobacterial species tree. These orthologs clustered
with eukaryotic rhomboid proteases, and displayed 6 + 1 TMD topolo-
gy similar to that of the eukaryotic secretase-type RHO subfamily,
perhaps providing an example of a bacterial progenitor to the
eukaryotic rhomboid proteases as suggested in [11]. Alternatively, this
bacterial group may represent an ancient family of rhomboid proteases
present in the LUCA. The presence of intact rhomboid protease catalytic
signatures in themycobacterial members suggests the two orthologous
groups cleave transmembrane proteins. The RV0110 orthologs reside in
close proximity to the experimentally characterized Providencia stuartii
AarA sequence as well as the GlpG structure representatives, and all
retain the eukaryotic-like 6 + 1 TMD topology (although structures
are limited to the 6TMH core). AarA has been shown to cleave the
ﬁrst seven residues of TatA, activating the P. stuartii twin-arginine
translocase (Tat) protein secretion pathway. However, these residues
are unique to the P. stuartii TatA substrate, suggesting that despite its
similarity, RV0110 cleaves another transmembrane protein or proteins.
2.2. Network-based clustering suggests a possible alternate rhomboid
protease history
Interpretations of rhomboid protease phylogenetic trees have
yielded differing views on their evolutionary history. While
network-based grouping does not implicitly consider evolutionary
models, the method allows analysis of the highly divergent rhomboid
protease sequences that pose a challenge for multiple sequence
alignment and phylogenetic tree reconstruction. A more complete
network-based grouping of currently known rhomboid sequences
from all kingdoms of life reveals a similar complex topology as
previous studies (Fig. 1). As noted with the mycobacterial orthologs,
rhomboid proteases have expanded in some bacteria and tend to
form various distinct groups. Notably, rhomboid proteases from
proteobacteria form several groups, with some having expanded in
a class-speciﬁc manner. For example, the alpha-proteobacteria
(slate circles) rhomboid proteases belong to 3 groups comprised of
diverse species, including both groups deﬁned by the mycobacterial
orthologs and a group that clusters near eukaryotic PARL. Representa-
tives from alpha-proteobacteria also form class speciﬁc groups that
probably arose from more recent duplication events. One of the
groups containing diverse bacterial species forms a central cluster
within the various eukaryotic RHOs (circled in black, sequences listed
in Supplemental Table), that may represent an ancient form of the
protease. Both the eukaryotic RHOs and the closely grouping bacterial
sequences retain the rhomboid protease 6 + 1 TMD topology. While
mycobacterial species do not possess a PARL-like rhomboid protease,
two smaller bacterial groups with diverse species representatives
cluster centrally near the eukaryotic PARLs (circled in black dots, se-
quences listed in Supplemental Table), with a third, more divergent
group formed by bacterial sequences lacking key active site residues.
Unlike the eukaryotic PARL sequences, which have acquired an
additional N-terminal TMH, the PARL-like bacterial sequences are
limited to the 6TMH rhomboid protease core.
Two smaller groupings of archaeal sequences mirror this class-
based distribution (circled in red, sequences listed in Supplemental
Table), perhaps supporting an alternative scenario to the multiple
HGT hypothesis of rhomboid protease evolution [11]. Both the
RHO-like and the PARL-like archaeal groups include sequences that
distribute according to two phyla: Euryarchaeota and Crenarchaeota.
An additional PARL-like group is formed by Halobacteria class speciﬁcduplications. The archaeal sequences all display a 6TMH rhomboid
protease core topology, and distribute into either the PARL-like or
the RHO-like groups, but not both. The RHO-like group includes
most of the Crenarchaeota, as well as two of euryarchaeotal genus:
Thermococcus and Pyrococcus; while the PARL-like group includes
two Crenarchaeota from the genus Vulcanisaeta and many of the
Euryarchaeota.
An alternative scenario for rhomboid protease evolution is
suggested by clustering (Fig. 2), where the LUCA may have contained
an ancient rhomboid protease duplication. The ancient PARL-like
rhomboid protease was probably limited to the 6TMD core that is
reﬂected in present day bacterial and archaeal sequences, with the
eukaryotic PARL sequences acquiring an N-terminal TMD. The ancient
RHO-like rhomboid protease could have possessed either the 6 + 1
TMD topology reﬂected in present day bacterial and eukaryotic
secretase A sequences (with loss of the C-terminal TMH in archaea)
or the 6TMD core topology reﬂected in present day archaeal rhom-
boid proteases (with a less parsimonious independent acquisition of
C-terminal TMH in eukaryotes and bacteria). The expansion of rhom-
boid proteases into diverse groupings probably arose from a combi-
nation of duplication events occurring early after branching, those
occurring later among various classes of bacteria, or those occurring
all along the eukaryotic clade. Consistent with the theory that chloro-
plasts originated in plants from bacterial endosymbionts, plant rhom-
boid proteases functioning in these organelles cluster within (RBL10)
2940 L.N. Kinch, N.V. Grishin / Biochimica et Biophysica Acta 1828 (2013) 2937–2943or near (RBL11) the central bacterial RHO-like sequences. While the
PARL-like sequences from archaea and bacteria, and the PARL
sequences from eukaryotes form distinct groups, the eukaryotic and
bacterial sequences tend to display greater similarity.
These clusters suggest that the ancient RHO class is represented by
chordate iRhoms, which have lost their ability to catalyze cleavage.
Although this group has not previously been considered as ancient,
it includes members from all eukaryotic subkingdoms that segregate
according to the species tree, and the representative fungi and plant
sequences have mostly retained their catalytic residues. Potentially,
the chordate-speciﬁc iRhom inactivation could have occurred upon
duplication and subsequent divergence into the next closest chordate
group containing human RHBDL1–3. The relatively close proximity of
RHBDL1 and RHBDF1 (iRhom1) on the human telomeric region of
chromosome 16 (16p13.3) supports this notion. Regardless of the
questions that remain concerning this rhomboid protease evolution-
ary scenario, the relative diversity of species with rhomboid protease
representatives present in the RHO and PARL groups supports the
presence of one (RHO-type) or both (RHO-type and PARL-type) in
the LUCA.
3. Rhomboid protease structure and mechanism
Dozens of structures of the bacterial rhomboid protease GlpG have
been solved, including several mutants. These studies have revealed
the transmembrane protein architecture, the nature of the active site,
and themechanism of substrate binding typiﬁed for the 6TMH catalytic
core of the rhomboid protease serine proteases [20–27]. TheGlpG struc-
ture reveals the transmembrane core to adopt a general up and down
topology running perpendicular to the membrane, establishing thex1
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Fig. 2. Schematic cladogram illustrates possible scenario for rhomboid protease evolution.
Colors correspond to kingdoms outlined in A. The LUCA may have contained a rhomboid
protease duplication: including ancient RHO-type and PARL-type forms. Both ancient
forms duplicated early in the bacterial branch (black arrows), while the RHO-type ex-
panded again later in several bacterial classes (gray arrow). The PARL-type duplicated
early in the archaeal branch (black arrow), and the RHO-type expanded in eukaryotes
(names appear in order of expansion) and was acquired by plant (RBL10 and RBL11)
through bacterial chloroplast-forming endosymbionts. Stronger similarity between the
bacterial and eukaryotic PARL sequences might support its origination from bacterial
mitochondria-forming endosymbionts.position of both termini facing the cytosol. The loop (L1) connecting
TMH1 and TMH2 forms an unusual α-helical hairpin running perpen-
dicular to the TMH core that is partially submerged within the outer
membrane leaﬂet (Fig. 3A, gray cartoon). The characteristic active site
serine resides at the N-terminus of a shortened TMH4 that starts deep
within the membrane. The S forms a catalytic dyad with a neighboring
H from TMH6 (Fig. 3A, black sticks). Another conserved motif in TMH6
(GxxxG) allows tight packing between the two TMHs that harbor the
catalytic S–H dyad. Notably, the active site is accessible to water re-
quired for nucleophilic cleavage through a cleft facing the extracellular
region that is capped by loop L5 [20,21,25–27]. Several atoms have been
proposed to contribute to an oxyanion hole that stabilizes the develop-
ing negative charge on the carbonyl oxygen of the scissile bond during
catalysis, including the main chain amide of the catalytic S and the
side chain amides of two conserved TMH2 sidechains from the motif
HxxxN (Fig. 3A, shown in gray stick). Mutagenesis data combined
with the inhibitor-bound structures tend to support the notion that
the side chain amide of the catalytic serine provides themajor oxyanion
role, with some variable redundancy in the contribution of the
surrounding conserved H and N residues.
GlpG structures from Escherichia coli as well as Haemophilus
inﬂuenzae suggest a gating mechanism whereby TMH5 moves to
allow lateral access to the active site by the transmembrane-
spanning substrate [20,21,24–27]. Fig. 3A illustrates GlpG structures
adopting open and closed conformations. Movement of Loop5
(magenta) and TMH5 (orange) are thought to allow substrate access
to the active site [21]. Although no structures exist with substrate
bound, inhibitor complexes have given insight to the substrate bind-
ing mode and catalysis [23,27]. A presumed S1 subsite cavity formed
in the presence of inhibitor [23] is consistent with the protease
preference for relatively small residues (A, C, S, or G) in the substrate
P1 subsite (the residue N-terminal to the scissile bond) [28], while in-
hibitor binding to the S′ side opens the TMH5 helix and loop5 gating
cap [27]. The strongest preference for rhomboid protease substrate
speciﬁcity arises from the P1 subsite, which allows binding of several
different small residues. Thus instead of a traditional sequence recog-
nition motif, rhomboid protease speciﬁcity is driven by the propensi-
ty of the transmembrane helix substrate to destabilize [29]. This
relative lack of substrate speciﬁcity may help explain the observation
of rhomboid protease loss upon duplication that has occurred during
evolution (for example in Mycobacterial orthologs [13]).
3.1. Relationship to soluble serine proteases
The rhomboid proteases form a separate clan in the MEROPS
database [3], which represents the broadest level of homology in
the classiﬁcation scheme. When compared to other serine protease
clan representatives, the rhomboid proteases differ in both structure
and catalytic mechanism (Table 1). Not only does the rhomboid pro-
tease GlpG structure represent the only membrane protein among
serine proteases, but none of the other serine protease clans exhibit
an all-α fold. The closest serine protease is classiﬁed as a multidomain
protein, with the active site SxxK located within an N-terminal helical
bundle domain that forms a completely different topology than the
GlpG helical arrangement. Similarly, none of the MEROPS-deﬁned
serine protease clans catalyze cleavage with a similar S–H dyad as
found in the rhomboid protease. Most of the soluble serine proteases
that catalyze cleavage with a dyad use S–K (i.e. clan SF, SJ, and SO use
S–K, while clan SR uses K–S). Two unusual cases of catalytic S/H dyads
do include the cytomegalovirus protease serine protease, whose
catalytic S–H–H triad of can lose its bridging H to form a catalytic
S–H dyad with relatively little effect on catalysis, and the
autoprocessing protease activity of nucleoporin Nup98, whose
catalytic dyad originates from the motif HxS. Finally, the assumed
substrate binding mode of rhomboid proteases establishes cleavage
of the scissile bond on the si-face [21], as opposed to the alternate
Fig. 3. Rhomboid protease structure and mechanism suggests convergence of serine protease activity. A) GlpG 6TMH transmembrane rhomboid protease core (TMHs colored in
rainbow) forms open (PDB ID: 2nrf_A) and closed (PDB ID: 2xov) states dictated by movement of TMH5 (orange) and the loop5 cap (magenta) that covers the active site containing
a serine–histidine catalytic dyad (black sticks). An unusual helical loop L1 (gray) is partially submerged in the membrane bilayer. B) Upper panel illustrates a zoom of the GlpG
active site (PDB ID: 2oxw) covalently modiﬁed by an inhibitor (black) that highlights proximity of catalytic dyad (black stick) to residues that may assist oxyanion formation during
catalysis (gray sticks), the presumed S1 pocket (gray wireframe), and the relative orientation of the serine nucleophile with respect to the inhibitor suggesting a si-face attack. C) A
zoom of a chymotrypsin active site (PDB ID: 1haz) covalently modiﬁed by an inhibitor (black) highlights the catalytic triad (black sticks) with its nucleophilic serine on the opposite
face of the inhibitor.
2941L.N. Kinch, N.V. Grishin / Biochimica et Biophysica Acta 1828 (2013) 2937–2943approach on the re-face that is typically observed in serine proteases
with known structure (except for bacterial signal peptidase). These
structural andmechanistic properties adopted by rhomboid proteases
differ signiﬁcantly from their soluble serine protease counterparts,
suggesting independent convergent evolution of rhomboid protease
peptide bond cleavage.
4. Functional implications of rhomboid protease evolution
Despite differing opinions about the ancient history of rhomboid
proteases, phylogenetic studies tend to support a recurring theme:
eukaryotic rhomboid proteases segregate broadly into PARL and
RHO-type proteases according to their membrane localization. For
the RHO-type rhomboid proteases that have duplicated multiple
times throughout evolution, the functional implications of distinc-
tions between various families remain difﬁcult to assess given the rel-
ative lack of existing experimental information about their variousTable 1
MEROPS Serine Protease Clans.
MEROPS
clan
Family
number
Structure
example
SCOP class SCOP fold Catalytic
motif
SB 2 1scn α/β Subtilisin-like D–H–S
SC 6 1qtr α/β α/β hydrolase S–H–D
SE 3 1es4 Multi β-Lactamase-like SxxK
SF 2 1umu all-β LexA/signal peptidase S–K
SH 5 1lay all-β Herpes virus serine
proteinase, assemblin
H–S–H
SJ 3 1rr9 α + β Ribosomal protein S5
domain 2-like
S–K
SK 3 1tyf α/β ClpP/crotonase Variable
SO 1 3gw6 na na S–K
SP 1 1ko6 all-β C-terminal autoproteolytic
domain of nucleoporin
nup98
HxS
SR 1 1lct α/β Periplasmic binding
protein-like II
K–S
SS 1 1zrs α/β Flavodoxin-like; “swiveling”
β/β/α domain
S–E–H
ST 1 2ic8 Membrane Rhomboid-like S–H
PA 14 1bra all-β Trypsin-like H–D–S
PB 2 1pnk α + β Ntn hydrolase-like S
PC 1 1fye α/β Flavodoxin-like S–H–Ebiological substrates and cellular pathways. Despite this general lack
of functional detail, some generalizations can be drawn from various
rhomboid protease family relationships. In fact, phylogenetic
proﬁling-based bioinformatics method has already led to a testable
functional hypothesis about one distinct family of rhomboid
proteases called rhombosortases.
4.1. PARL-type rhomboid proteases
The mammalian mitochondrial PARL sequences group with
Drosophila mitochondrial Rho-7, yeast mitochondrial Pcp1 [14], and
plant mitochondrial AtRBL12 [15], with Toxoplasma mitochondrial
TgRom6 in a nearby group [12]. Branching of the mitochondrial
PARL-type sequences reﬂects the phylogenetic species tree [14], and
all members of the family tend to retain the same TMH domain topol-
ogy (with the above-mentioned exception of plant AtRBL12),
possessing an N-terminal TMH prior to the 6 TMH rhomboid protease
core (1 + 6 TMD topology) [14]. Segregation of these mitochondrial
rhomboid proteases likely reﬂects the conserved 1 + 6 TMD topolo-
gy, but may also manifest from the bacterial-like lipid composition
of the mitochondrial inner membrane surroundings. For the yeast
PARL-type rhomboid protease Pcp1, proteolysis releases its substrate
dynamin-like GTPase Mgm1 from the membrane of healthy
mithochondria, excluding unhealthy mitochondria from membrane
fusion [30]. A similar function has been described in Drosophila:
Rho-7 cleaves the metazoan Mgm1 ortholog Opa1 and is required
for normal mitochondrial dynamics [31]. Metazoan PARL-type rhom-
boid proteases (Rho-7 and PARL) also participate in the Parkin/PINK1
pathway [32–34], whereby unhealthy mitochondrial membranes
tagged with uncleaved PINK1 are cleared from cells. Similar to
Mgm1/Opa1 substrate cleavage, PARL cleavage of the PINK1 substrate
appears to provide a checkpoint for maintaining healthy mitochon-
dria. Similar to previous phylogenetic analysis [11], network-based
clustering groups this eukaryotic PARL subfamily that cleaves
dynamin-like GTPases near mixed prokaryotic clusters that are com-
prised of sequences that have yet unknown function. Dynamin-like
GTPases exist in these prokaryotic species, with bacterial mitofusins
retaining TMH anchors that could potentially be cleaved. Relatively
little is known about the function of such proteins in bacterial mem-
brane dynamics, although parallels with eukaryotic systems have led
to speculation of a role in membrane tethering [35].
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The founding member of the rhomboid proteases, Drosophila
rhomboid (Rho-1), was initially implicated as an upstream activator
of the epidermal growth factor (EGF) spitz (reviewed in [10]). By
combining numerous experimental observations with sequence
analysis and mutagenesis, a model of rhomboid protease functioning
as an intramembrane serine protease that cleaves the spitz TMH and
releases the growth factor from the membrane emerged. Similar
functions have been shown for Caenorhabditis elegans ROM-1, which
regulates EGF signaling in vulval development through cleavage of
LIN-3 L [36]. Humans encode three genes that cluster with the
rhomboid proteases (RHBDL1–3). RHBDL2 has been shown to cleave
thrombomodulin [37] and EphrinB1,2,3 [38] in addition to EGF [39],
although the physiological roles of cleavage remain unclear. Although
few target substrates have been identiﬁed, several tools have been
developed to study rhomboid protease TMH substrate cleavage and
a sequence preference for relatively small residues (A, C, S, or G) in
the substrate P1 subsite has been deﬁned among a few other prefer-
ences for hydrophobic residues consistent with the composition of
the transmembrane substrate [28]. Bioinformatics methods could
combine this substrate-binding preference with additional informa-
tion such as localization or expression proﬁling to narrow the ﬁeld
of potential new rhomboid protease substrates.
As discussed previously, the RHBDL1–3 rhomboid protease family
appears to have duplicated and diverged from the iRhoms (RHBDF1/
2), which are inactive as proteases in human. Instead, iRhoms appear
to regulate release of cytokines and growth factors through protein
interactions in the endoplasmic reticulum and Golgi. The inactive
RHBDF2/iRhom2 promotes trafﬁcking of the TNF-alpha converting
enzyme (TACE) to the Golgi where it can be activated by processing
[40]. Alternatively, the inactive RHBDF1/iRhom1 binds to immaturely
glysosylated forms of EGF-like ectodomains from TGF-alpha ligands
[41], targeting them for endoplasmic reticulum-associated cleavage
(ERAD) [42]. During ERAD a membrane associated multiprotein com-
plex that includes yet another distantly related inactive rhomboid
family member (Der1) passes the cleavage targets to the soluble
ubiquitin proteosome system for degradation.
4.3. Bacterial RHO-like rhombosortases identiﬁed using phylogenetic
proﬁling
For bacterial genomes where operon structures are frequently
maintained, functional links between genes can often be identiﬁed
using information gleaned from genomic neighborhoods, co-expression
data, or taxonomic co-occurrence [43,44]. One such approach has identi-
ﬁed a distinct set of bacterial RHO-type of rhomboid proteases as co-
occurring with a set of proteins that possess a newly identiﬁed
C-terminal homology domain (GlyGly-CTERM), which consists of a
Gly-Gly motif followed by a transmembrane helix and a cluster of basic
residues at the protein C-terminus [45]. This identiﬁed domain architec-
ture was described as resembling protein sorting recognition signals
such as LPXTG-CTERM and PEP-CTERM, suggesting a sorting signal func-
tion for the GlyGly-CTERM motif. Partial phylogenetic proﬁling using
GlyGly-CTERM genes as queries identiﬁed genes encoding members of
the rhomboid proteases as top hits. The identiﬁed rhomboid proteases
belong to a distinct clade of sequences from proteobacteria and were
named rhombosortases following the sorting signal nomenclature. In
addition to the taxonomic co-occurrence between rhombosortases and
their potential GlyGly-CTERM targets, the genes tend to be adjacent in
the genome and are identiﬁed as associating with signiﬁcant scores in
the STRING database [44]. Identiﬁed functional associations between
rhombosortases and GlyGly-CTERM domains may suggest the TMH
component of the sorting signal as a rhombosortase substrate. Given
this example of functional association, perhaps additional rhomboid pro-
tease substrates could be identiﬁed using similar bioinformaticsmethodstogether with careful deﬁnition of rhomboid protease clades, which are
currently rather broadly deﬁned in classiﬁcations such as the PFAM
database [46].
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bbamem.2013.06.031.
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